An emerging treatment option for chronic lymphocytic leukemia (CLL) is to make cytotoxic immune cells express a chimeric antigen receptor (CAR) that recognizes specific surface molecules on CLL cells. Here an mRNA coding for an anti-CD19 CAR was transfected into the NK-92 cell line by electroporation. In contrast to cDNA, mRNA resulted in high transfection efficiency (47.2 ± 8% versus <5% for cDNA) with minimal effect on cell viability. NK-92 cells expressing anti-CD19 CAR killed previously resistant CD19 + BALL cell lines, as well as primary CLL cells and therefore may present a safe, cell-based, targeted treatment for patients with CLL.
Introduction
Chronic lymphocytic leukemia (CLL) is the most common leukemia in the western world. Although it responds to chemotherapy, the disease usually recurs with resistance developing over time. Combining chemotherapy with monoclonal antibodies directed against specific surface markers, such as CD20, CD22 and CD23, seems to improve the outcome by providing an alternative way of inducing apoptosis in clonal cells [1, 2] . Another treatment modality, which is not cross-reactive with chemotherapy and monoclonal antibody treatment, is to make use of the cytotoxicity mediated by immune cells such as T-cells and NK cells that release perforin and granzymes, inducing target cell apoptosis by DNA degradation. The problem with cell therapy for hematological malignancies, though, is the lack of target specificity of these cells. Furthermore, autologous NK cells are generally blocked through activation of killer inhibitory receptors (KIR) by self-MHC antigens [3, 4] . This inhibitory mechanism can be overcome either by using allogeneic or autologous NK cells whose KIR receptors have been blocked [5] [6] [7] . An alternative way to override this inhibition and make NK cells recognize malignant targets is to genetically engineer them to express activating receptors that recognize specific antigens on the tumor surface, thereby triggering the release of cytotoxic molecules. Chimeric antigen receptors (CAR) have recently received attention as one mode of retargeting cytotoxic cells [8] [9] [10] [11] . These CAR consist of a single chain Fv fragment from an antibody specific for a surface antigen, linked to components of the T-cell receptor complex (such as CD3ζ) that can activate a cytolytic response through intracellular signaling molecules such as Syk/Zap70. CLL cells constitutively express the CD19 antigen, which is a suitable target for CAR. Previous results have shown that the natural killer cell line NK-92 [12] , although cytolytic to a wide range of tumor cells, may be unable to kill clonal cells of lymphoid origin [13] . However, it can be rendered cytotoxic against acute lymphoblastic leukemia (ALL) targets (both cell lines and primary patient cells) after they have been transfected with a retroviral vector coding for a murine CAR directed against human CD19 (αCD19-CAR) [14] or CD20 [11] . Despite their high transduction efficiency, retroviral constructs carry the risk of insertional mutagenesis and are for that reason not preferred for treatment in humans. The non-modified NK-92 cell line has already completed phase I trials [15, 16] and this work was intended to introduce a non-viral αCD19-CAR expression vector that would be clinically useful for extending the indications for NK-92 treatment. Two different vector systems, based on DNA or mRNA constructs for GFP and αCD19-CAR, were tested for transfection efficiency and function in NK-92 using electroporation. Our results show that NK-92 cells can be effectively transfected with mRNA for αCD19-CAR, rendering them highly cytolytic towards previously resistant CD19 positive cell lines and primary CLL cells in vitro.
Material and methods

Cell lines, primary cells and culture conditions
K562 (CML in blast crisis, CD19 − , NK-92 sensitive), REH, and SUP-B15 (both acute Bprecursor ALL, CD19 + , NK-92 resistant) cell lines were purchased from American Type Culture Collection (ATCC, Rockville, MD). SR-91 cell line (B-ALL, CD19 − , NK-92 resistant) has been described before [17] . All cells were maintained in RPMI-1640 (Cambrex, Walkersville, MD) supplemented with 20% FBS (Cambrex) and with antibiotics: Penicillin 100 μl ml −1 , Streptomycin 10 μg ml −1 , and Amphotericin B 250 μg ml −1 (Gibco Invitrogen, Carlsbad, CA), and Ciprofloxacin 10 μg ml −1 (Mediatech, Herndon, VA). NK-92 cell line was maintained in Myelocult (StemCell Technology, Vancouver, BC) supplemented with recombinant human IL-2 (500 IU ml −1 ; Chiron, Emeryville, CA). Primary CLL cells were obtained from blood samples of untreated patients, after informed consent. CLL mononuclear cells were isolated by density gradient centrifugation using Ficoll-Hypaque Plus (Amersham Biosciences, Piscataway, NJ). CLL mononuclear cells were kept overnight in RPMI-1640 20% FBS at 4 °C, or frozen at −80 °C in 10% DMSO and thawed just before the cytotoxicity assays. Under both conditions spontaneous lysis was low (see Section 3).
Cloning of αCD19-CAR constructs
The αCD19-CAR construct in vector pLXSN [14] has been designed for production of retrovirus, but was not suitable for in vitro mRNA synthesis. The αCD19-CAR sequence was therefore amplified by PCR using a high accuracy Phusion DNA polymerase (New England Biolabs, Ipswich, MA) and the following primers: sense 5′-TTC GAC CCC GCC TCG ATC CTC C-3′, antisense 5′-GGA TCT GCC CTC GAG GGA GAA ATG CCC-3′; in order to introduce the XhoI restriction site (underlined) downstream of the sequence stop codon. The PCR product was cloned into vector pXT7 (a gift from Dr. Sergei Sokol, Mount Sinai School of Medicine, New York, together with plasmid pXT7-GFP), at the restriction sites EcoRI (present in the original CAR sequence) and XhoI. The plasmid pXT7 has a T7 promoter used to initiate mRNA synthesis, as well as the 5′-and 3′-untranslated regions (UTR) of human globin gene. These UTR provide a 3′ poly-adenylation sequence and enhance the stability of the mRNA in vivo (Fig. 1 ). For electroporation of αCD19-CAR DNA, the αCD19-CAR sequence was cloned into mammalian expression vector pcDNA ™ 3.1 (Invitrogen, Carlsbad, CA) using the Directional TOPO Expression Kit (Invitrogen) according to the manufacturer's instructions. Every new constructs was verified by DNA sequencing.
mRNA synthesis and electroporation
Cesium chloride preparation of plasmid pCMV-GFP (a gift from Dr. Lidija Covic, Tufts Medical Center, Boston) was used for electroporation of GFP DNA. For electroporation of mRNA, the plasmids pXT7-GFP and pXT7-αCD19-CAR were treated by the restriction enzyme Sal-I, which cuts downstream of the 3′ poly-adenylation sequence, and the linearized products were used as templates for in vitro mRNA synthesis reaction (T7 Ultra! mMessage mMachine kit, Ambion Applied Biosystems, Austin, TX) according to the manufacturer's instructions. This kit couples T7-initiated transcription with poly-adenylated tail elongation in order to further increase mRNA stability and translation. Yield was determined by spectrophotometric dosage, and the integrity of the final mRNA products was checked by gel electrophoresis.
NK-92 cells were washed and resuspended in serum-free MEM medium (Gibco Invitrogen) at a concentration of 8 × 10 6 cells ml −1 (we observed that presence of serum caused degradation of mRNA). Cells were transferred into 4 mm electroporation cuvettes (Biorad, Hercules, CA) under the following conditions: 2 × 10 6 cells in 250 μl MEM mixed with DNA (20 μg ml −1 for GFP or αCD19-CAR), mRNA (40 μg ml −1 for GFP or 120 μg ml −1 for αCD19-CAR), or nothing. Electroporation was performed using a GenePulser II (Biorad), under the following conditions: 300 V, 150 μF, 200 Ω. Cells were immediately transferred into Myelocult medium and cultured at 37 °C in a 5% CO 2 incubator. Levels of expression of GFP and αCD19-CAR proteins were monitored by flow cytometry using a Cyan flow cytometer (Dako, Carpinteria, CA). αCD19-CAR was detected using a biotinylated anti-mouse F(ab′) 2 antibody (Jackson ImmunoResearch, West Grove, PA) and Allophycocyanin (APC)-conjugated Streptavidin (BD Biosciences, San Jose, CA).
Irradiation of NK-92 cells
Since any clinical application would require that NK-92 are irradiated prior to infusion into the patient, NK-92 cells were treated with a gamma radiation dose of 10 Gy (Shepherd Mark I gamma irradiator employing a 137 Cs source, Tufts Medical Center), either 4 h before or 20 h after electroporation.
Cytotoxicity assays
Assays were performed as previously published [11, 18] . Briefly, target cells (K562, SR-91, REH, or SUP-B15) were stained with the fluorescent dye PKH67-GL (Sigma-Aldrich, Saint Louis, MO) according to manufacturer's instructions. Targets and effectors (i.e. electroporated NK-92 cells) were then combined at different effector to target ratios (E:T of 1:1, 2:1, 5:1 and 10:1) in a 96-well plate (Falcon BD, Franklin Lakes, NJ), briefly centrifuged, and incubated in RPMI-1640 20% FBS culture medium at 37 °C for 4 h in a 5% CO 2 incubator. After incubation, cells were stained with propidium iodide (PI, SigmaAldrich) at 10 μg ml −1 in Ca 2+ /Mg 2+ -free phosphate buffer saline and analyzed immediately by flow cytometry. Dead target cells were identified as double positive for PKH67-GL and PI. Target cells and effector cells were also stained separately with PI to assess spontaneous cell lysis. The percentage of NK-mediated cytotoxicity was obtained by subtracting the percentage of PKH(+)/PI(+) cells for target cells alone (spontaneous lysis) from the percentage of PKH(+)/PI(+) cells in the samples with effectors.
Results
Comparison of DNA with RNA electroporation
For the production of αCD19-CAR mRNA a suitable vector was designed as schematically shown in Fig. 1 . NK-92 cells were electroporated either with plasmid DNA (pCMV-GFP or pcDNA-αCD19-CAR, 25 μg ml −1 ), with mRNA (GFP or αCD19-CAR, respectively, 40 μg ml −1 and 120 μg ml −1 ), or without any nucleic acid (negative control). As shown in Fig. 2 , electroporation with mRNA did not cause additional cell death compared to control (10.6 ± 3.3% (n = 7), 16.9 ± 3.4% (n = 7), 18.2 ± 5.1% (n = 10), respectively, for GFP, αCD19-CAR, and control) even with mRNA amounts of 120 μg ml −1 . In contrast, electroporation with plasmid DNA caused two to three times more cell death than control: 38.7 ± 9.6% for GFP (n = 6) and 60.7 ± 5.8% for αCD19-CAR (n = 3).
Expression of GFP and αCD19-CAR proteins
Levels of expression of GFP and αCD19-CAR proteins in electroporated NK-92 cells were determined over time. As shown in Fig. 3A , at 24 h after electroporation 76 ± 4.9% (n = 8) of cells transfected with GFP mRNA expressed GFP protein, compared to only 2.1 ± 0.7% (n = 7) of the cells transfected with GFP DNA. Similarly, 47.2 ± 8% (n = 7) of cells transfected with αCD19-CAR mRNA expressed the CAR protein on their surface, whereas no detectable expression was seen in cells transfected with αCD19-CAR DNA (n = 3). Expression of GFP protein was stable over time, up to 3 days, and detectable for up to 5 days. αCD19-CAR was significantly less stable, with a peak of expression at around 24 h but no detectable levels after 3 days. In both cases, expression of the proteins was rapid, and occurred within the first 3 h after electroporation (Fig. 3B). 
NK-92 expressing αCD19-CAR are cytotoxic against previously resistant CD19-expressing cell lines
In order to determine whether electroporation and surface expression of CAR changed the cytolytic properties of NK-92 cells and whether the expressed αCD19-CAR was functional, we tested non-electroporated cells, control-electroporated cells, and GFP or αCD19-CARexpressing cells (effectors) against the CD19 − cell lines K562 and SR-91 as well as the CD19 + cell lines REH and SUP-B15 (targets). NK-92 is known to kill K562 target cells consistently even at low effector to target ratios [19] . As shown in Fig. 4 , all types of effector cells killed K562 to a similar extent (53.5 ± 9.2% for non-electroporated (n = 5), 65.8 ± 4.6% for control (n = 3), 66.1 ± 0.1% for GFP (n = 2), and 61.7 ± 4.4% for αCD19CAR (n = 4) at E:T of 5:1), showing that electroporation did not significantly alter the cytolytic properties of the NK-92 cell line. B-ALL cell lines were resistant (<15%) to control-electroporated NK-92 cells and GFP-electroporated NK-92, as well as nonelectroporated NK-92. In contrast, REH and SUP-B15 cell lines became highly sensitive to NK-92 expressing αCD19-CAR (76.3 ± 4.7% (n = 5) and 75.9 ± 7.3% (n = 4) respectively, p < 0.0001, at E:T of 5:1), even for lower E:T ratios (70.4% for REH, 68.5% for SUP-B15, p < 0.01, at E:T of 2:1). However, SR-91 cells were still resistant to NK-92 cells expressing αCD19-CAR, suggesting that the effect of αCD19-CAR is dependent on expression of CD19 by the target. NK-92 cells electroporated with both GFP and αCD19-CAR mRNA had the same properties as cells that received only one type of mRNA, suggesting that cells can express multiple functional constructs simultaneously (data not shown).
Expression of αCD19-CAR in NK-92 restores killing of primary B-CLL cells
As shown in Fig. 5 , control-electroporated NK-92 cells were only minimally cytolytic against primary CLL cells (<10% cell lysis). In contrast, NK-92 cells expressing αCD19-CAR killed primary CLL cells very effectively (>70% cell lysis). As observed for REH and SUP-B15 cell lines, lysis of CLL mediated by NK-92 cells expressing αCD19-CAR reached maximum levels for E:T ratios as low as 1 to 1 (data not shown). In all cases spontaneous lysis of CLL cells was low (4.6%, 3%, 2.4%, 4.3%, 4.5% for samples 1-5, respectively).
Gamma irradiated NK-92 αCD19-CAR cells maintain their specificity and cytotoxic properties
For any clinical application, NK-92 should be γ-irradiated prior to infusion into patients in order to prevent in vivo cell proliferation. In order to determine whether sub-lethal irradiation affects CAR-mediated cytotoxicity, we irradiated NK-92 cells either 4 h before or 20 h after electroporation, and tested their cytolytic activity at 20 h post-electroporation against K562 (n = 3), REH (n = 2), and SUP-B15 (n = 2) cell lines. As shown in Fig. 6 , all NK-92 cells expressing αCD19-CAR were able to kill REH and SUP-B15 significantly better than control-electroporated ones (~70% compared to ~10%, p < 0.05), showing that irradiation did not impair expression and functionality of αCD19-CAR. We also observed that the cytotoxicity of NK-92 that were irradiated before electroporation (4 h) was consistently decreased compared to cells irradiated after electroporation (20 h), whether they express αCD19-CAR or not.
Discussion
Treatment for CLL is indicated in symptomatic patients with progression of the disease. Although purine analogs have been shown to control disease to a certain extent, they have not been shown to prolong survival [20] . In addition, resistance develops and remissions become shorter. More recently, Campath ™ , Rituximab ™ and other monoclonal antibodies have been added to the "backbone" therapy with purine analogs with some improvement of outcome [21, 22] . However, these "bio-chemotherapies" significantly compromise the immune system of the patient by inhibiting T-and B-lymphocyte function.
Targeted cytotoxic cell therapy has already been shown to result in control of viral infections [23] . More recently, allogeneic NK cells have been able to induce remissions in some patients with acute leukemia [24] . However, some tumors may display resistance mechanisms even against allogeneic NK cells. The development of CAR-expressing NK cells is one way to overcome this resistance, as it has been shown for the NK-92 cell line expressing a retroviral CAR construct recognizing ErbB2/HER2 on breast cancer cells [10] or CD20 on lymphoid cells [11] . The unmodified NK-92 cells have already passed clinical phase I trials that confirmed that its infusion is safe [15, 16] . Some of the patients with very advanced cancer experienced a major clinical response or a prolonged stable phase. Here we show that NK-92 can be targeted to antigen-expressing lymphoid malignancies by transfecting them with an mRNA-based anti-CD19-CAR. CAR-modified NK-92 cells become capable of effectively killing CD19 positive cell lines as well as primary CLL cells that were resistant to unmodified NK-92. Of note is that transfection efficiency with mRNA was about 10 times higher than with a cDNA plasmid.
Transfection of mRNA, either by physical or viral-based techniques, is preferable to transfection of DNA for several reasons. mRNA is not integrated into the genome and hence does not carry the risk of genomic mutation or instability. mRNA is processed in the cytoplasm and expression occurs immediately after cell membrane penetration, without the need to enter the nucleus. It is also degradable and completely disappears from transfected cells. In addition to these characteristics, we observed that the viability of cells transfected with mRNA was much greater than with DNA, probably because driving mRNA through the cell membrane requires less harsh transfection conditions than necessary for DNA to reach the nucleus. Expression of the protein lasted for 48 h to over 100 h, depending on the protein, which would be sufficient to expect some in vivo interaction with tumor targets. The transfection efficiency in NK-92 cells was >75% with GFP mRNA using a Biorad electroporation equipment, showing that high yields can be easily achieved using a relatively simple and low cost protocol. In contrast, we have not been successful in achieving good yields by electroporating fresh or expanded human NK cells from peripheral or cord blood cells, either with mRNA-or DNA-based vectors (<10% expression, unpublished data). Transfection of DNA and mRNA into several immune type cells was successfully reported by Rabinovich et al. [25] , using the Amaxa Nucleofector system (Amaxa Biosystems, Cologne, Germany) with tailored transfection conditions. However, this system did not improve transfection efficiency in our experiments, probably due to some intrinsic properties of NK cells. Peripheral blood or cord blood NK cells may be more amenable to non-physical transfection modalities, such as lentivirus-based constructs, in order to achieve good expression yields [26] .
Importantly, NK-92 cells did not lose cytolytic activity after irradiation with 10 Gy, which is the dose required by the FDA when NK-92 are to be infused into patients [15] . Cytotoxicity was most efficient when cells were irradiated immediately before the assay, that is 20 h after electroporation when protein expression is peaking, which would be the time to administer the transfected NK-92. The safety of NK-92 infusions have already been shown in phase I trials but unmodified NK-92 cells do not kill primary CLL cells. Since large-scale GMP compliant electroporation systems (Max-Cyte) are available, CAR-expressing NK-92 could enter treatment protocols. Schematic representation of the CD19-CAR mRNA. VH and VL: extracellular single strand antibody domains. 5′ and 3′ UTR are from human globin and enhance mRNA stability as well as provide a poly-adenylation sequence. Viability of cells after electroporation. NK-92 cells were stained with PI 24 h after electroporation with GFP (■) or αCD19-CAR ( ), either in the form of DNA or mRNA, or without any nucleic acid (□, control). Effects of irradiation on cytolytic properties of electroporated NK-92 cells. Cytotoxicity, expressed in percentage of killed target cells, of NK-92 against cell lines K562, REH, and SUP-B15 for an effector to target ratio of 5:1. NK-92 cells were electroporated without nucleic acid (control, full box color) or with αCD19-CAR mRNA (stripes), and irradiated either 4 h prior to electroporation (■) or 20 h after electroporation ( ).
